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: KeyWords Abstract
NK cells Human natural killer (NK) cells originate from bone marrow, but little is
Bone marrow known about NK cell progenitors and ontogeny. We studied the phenotype
\ CD34+ cells and functional activity of NK cells derived from highly purified human bone
Cytokines marrow CD34+ cells, which exhibited neither lytic activity nor expression of
] Hemopoietic progenitors surface antigens characteristic of M X (CD56) or T (CD3) cells. However. when

l cultured with hematopoietic growth factors or feeder layers for up to 4 weeks,
up to 86% functional CDS56+ cells were seen in the absence of mature T cell
development. CD56+ cells appeared in all cultures at 2 or 3 weeks, with the
largest percentage in those exposed to 1L-2. These studies demonstrated that
NK cells arise 'in vitro’ from immature bone marrow progenitors and also
suggest a separate origin and differentiation pathway for NK and T cells.

evsnssscane s0ccsscnne

Introduction maturation [16-19]. NK cell precursors have been identi-
< iddlin a pepulation of immature bone marrow cells.

| Natural killer (NK) cells are defined by their non-
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MHC-restricted cyvtolytic activity against numerous tar-
gets [1-3]. They also express recognizable surface markers
such as the CD16 (Fc gamma 11 receptor) and CD56
(N-CAM) antigens [4-6). It has been suggested that these
cells play an important role in the initial immune re-
sponse against primary and metastatic tumors [2. 7. 8].
viral infections {9]. and allografts [10, 11]. They are able
to secrete a variety of growth factors and likely influence
hematopoiesis. although this has been a subject of contro-
versy [11.12].

It is well established that NK cell progenitors originate
in bone marrow {13-19}, and studies in rodent models
have already clarified some aspects of their ontogeny and

These cells required. in addition to IL-2 [17]. factors pro-
duced by adherent (stroma like) cell layers for growth. A
murine in vitro long-term bone marrow culture system
has been established which allows NK progenitor cell pro-
liferation and differentiation without a need for exoge-
nous cytckines {16, 19]. This culture system does not sup-
port the development of mature T or B cells. In fact. the
percentage of NK cells has been reported to be much low-
er when bone marrow cells are cultured under conditions
that favor the appearance of T cells {20]. In humans. simi-
lar data are currently lacking.

Enriched preparations of human hematopoietic stem
cells or progenitor cells, usually prepared by CD34+ cell
immunoselection, are increasingly being used in bone
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marrow transplantation [21). These preparations may
allow for ex vivo purging of the contaminating CD34~
tumor cells and for expansion of precursors to accelerate
myeloid cell engraftment. However, little work to date
has focused on reducing the period of immunodeficiency
following transplantation. In this regard, it would be use-
ful to know the origin of NK cells and their progenitors
and to be able to stimulate their recovery. The present
study demonstrates that NK cells can be generated in
vitro from highly purified huma:. bone marrow CD34+
cells and that they require IL-2 for their full development
and activity.

Materials and Methods

Bone Marrow Progenitors

Bone marrow was harvested from vertebral bodies of normal
human cadavenc multiorgan donors as described [22-24]. CD34+
progenitor cells were purified by positive immunomagnetic selection
using modified Dynabeads (Dynal. Baxter Corp.. Glendale, Calif)
linked via the anti-CD34 monoclonal antibody K6.1 [22-24]. The
cells were then cryopreserved in liquid nitrogen vapor phase. In some
studies, the cells were cryvopreserved for periods of up to 16 months.
Immediately prior to culture, they werc thawed. washed once in
Iscove’s modiried Dulbecco’s medium (IMDM) (Gibco. Grand Is-
land, N.Y) and counted. and viability was determined by trypan
blue exclusion. Viability ranged from 62 to 80%.

Phenotypic Aralvsis of CD34 + Cells and Effector Cells

Phenotypic studies were performed on CD34+ cells after thawing
and after 1—3 weeks of culture by single- and dual-color flow cytomet-
ric analysis using either a Becton Dickinson FACScan (Becton Dick-
inson, Mountzin View. Calif.) or a Coulter Epics Elite Flow cytome-
ter (Coulter Electronics. Inc.. Hialeah. Fla.). We analyzed the pheno-
type of cells at day O (atter thawing) and after 1-4 weeks of culture
using the flucrescein (FITC)conjugated mAb anti-CD45 (Hle-1)
-CD3(Leu-*12nd -CD19 (Leu-12) and the phycoervthrin (PE)-conju-
gated mAb 2ni1-CD3 (Leu-4). -CD16 (Leu-11¢) and -CD56 (Leu-19).
At day 0. CD 34~ cells were labeled with an anti-CD34 FITC-conju-
gated mAb which recognized a different epitope than the one recog-
nized by the antibody Ké€.1 used for positive selection of the cells. All
antibodies were obtained from Becton Dickinson.

After the cells were harvested. they were washed twice and
labeled with: 2 saturating concentration of mAb for 15 min at room
temperature 1n the dark. The cells were washed twice in PBS-0.1%
sodium azide 2nd then fixed with 1% paraformaldehyde. We found
that these celis were >99% CD34+ with a viability ranging from 62 to
80% and did not express significant levels of any of the markers for
detecting mz:iure T (CD3). B (CD19) or NK (CD16 and CD36)
cells.

Cell Cul:icres

The CD 34~ cells were cultured at 37°C in a 3% CO: humidified
atmosphere for up to 4 weeks in 96-well U-bottom plates (Falcon,
Becion Dickinson Labware. Mountain View) at a concentration of

5 % 10%to 10 x 104 cells/mi in 0.2 ml of IMDM supplemented with
10% of fetal bovine serum (FBS) (Hyclone Laboratones. Logan.
Utah) and 1% of penicillin G sodium (10.000 U/ml)-streptomycin
sulfate (10.000 mg/ml). The different culture systems used included:
(a) supplemented media alone: (b) supplemented media containing
various recombinant human cytokines in combination. including:
interleukin-1-alpha (IL-1-a) (Hoffmann-La Roche. N.J.) 10 U/ml.
IL-3 (Genetics Institute. Cambridge, Mass.) 2 ag/ml. stem cell factor
(SCF) (Amgen Corp.. Thousand Qaks, Calif.) 50 ng/ml. {L-6 (Genet-
ics Institute) 100 U/ml. and granulocyte-macrophage colonv-stimu-
lating factor (GM-CSF) (Sandoz. Basel. Switzerland) 200 U/ml: and
(c) supplemented media and a feeder layer of irradiated (30 Gv) cells
consisting of peripherat blood mononuclear cells (PBMC) isolated by
density gradient centrifugation in Ficoll-Hypaque (HistopaqueT-"
Sigma Diagnostics. St. Louis. Mo.).

At the end of the Ist. 2nd and 3rd weeks of culture. 100 U/ml of
rlL-2 (a gitt from Dr. B. Mukherji) was added to half of the cultures
in the same plates. All cultures were continued for another week with
or without other cytokines or feeder layers. so that halt of the cultured
cells were exposed to IL-2 for only | week.

The cultures were refed every 3 or 4 days by replacing 0.1 ml of
their media with tresh media.

At the end of the Ist. 2nd. 3rd and 4th weeks of culture. cells were
harvested and phenotypic and functional analysis were performed.
All the experiments were done in triplicate.

Target Cells

The NK-sensitive ervthrolcukemia cell line K362 was used as a
target for cytotoxicity assays. Prior to each assay. viability deter-
mined by trypan blue exclusion ranged from 78 to 98%.

Cell-Mediated Microcviotoxicity Assay

Both after thawing (day 0 of culture) and at weekly intervals.
when a sutlicient number of cells accumulated in culture. a standard
SICr-release assay [25] was used to evaluate the presence of c\tolytic
cells derived tfrom CD34+ progenitors. | x 10*to2 x 10" target cells
were washed and incubated for 90 min at 37 °C with Na-*'CrO: (Du-
pont. Boston. Mass.) at 0.1 mCi/I x 106 target cells. The celis were
then washed five times in IMDM supplemented with 10% FBS and
counted. Effector cells harvested from the cultures at the end of the
Ist. 2nd. 3rd and 4th weeks were washed and seeded in V-shape
microwell plates (Nunc. Naperville. 11l.) at différent effector-target
ratios (30:1 to 1.87:1) in a volume of 0.1 ml. Labeled target cells at a
concentration of 1.000 in 0.1 ml of supplemented media were added.
The plates were centrituged at 150 g for 3 min and incubated for 4 h
at 37°C in a 5% CO: humidified air atmosphere. The plates were
then centrifuged at 450 ¢ for 5 min: 0.1 ml of the supernatants was
removed trom each well and withdrawn into aliquots of 1 ml of
Aquasol (Dupont). Radioactivity was measured in a scintillation
counter (Packard Instrument Company. Downers Grove. I1l.) and
the percentage of specific lysis determined by the formula:

specific lvsis (%) =
experimental ¥'Cr release — spontancous *!Cr release 100
maximum *'Cr release - spontaneous $1Cr release

Maximum *ICr release was determined by adding 0.1 ml of 1%
sodium dodecyl sulfate solution (Sigma) to labeled target cells. Spon-
tancous *!Cr release in 10 experiments. as determined by adding sup-
plemented medium to target cells. averaged 17.5%.
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Rosults

Proliferation of Cells in Culture

CD34+ cells were cultured for 1-4 weeks in media
alone or with combinations of either IL-1-a, IL-3, IL-6,
GM-CSF and SCF (experiment 1) or IL-1-a, IL-3 and
SCF (experiments 2 and 3) in liquid suspension, or on a
feeder layer of 30,000~100,000 irradiated peripheral
blood mononuclear cells. After the Ist, 2nd and 3rd
weeks, rIL-2 was added to half of the cultures, and they
were continued for 1 additional week. As seen in fig-
ure 1, significant proliferation occurred in cultures in the
presence of growth factors. The addition of IL-2 at var-
ious intervals did not significantly change the cell num-
bers when compared with cultures without IL-2. Cells
cultured on feeder layers proliferated only in the pres-
ence of exogenously added growth factors. Proliferation
indexes for the 4-week culture period ranged between 0
and 0.62 when IL-1, SCF and IL-3 were not present in
this system (without significant differences between cul-
tures with and without IL-2) and increased to 6.6-24
when these cytokines were added to the cultures over
feeder layers.

Phenotypic Ar.alvsis of Cultured Cells

Phenotypic analysis was performed by flow cytometry
on day 0 (after thawing) and after 7, 14, 21 and 28 days of
culture. Figure 2 shows a dual-color flow cytometric anal-
vsis of the cell population before culture, using anti-CD 34
FITC-conjugated and anti-CD56 PE-conjugated mAb. Of
the CD34+ population, only 0.2% was also CD56+ on
day 0. CD56+ cells began to appear at the end of the 2nd
week of culture in cells cultured without and with growth
factors. The comparison between CD56+ cell numbers in
cultures with and without IL-2 clearly demonstrates that
the presence o1 IL-2 in cultures for 1 week was necessary
to achieve high numbers of NK (CD56+) cells. Although
there was considerable variability among cultures. the
number of these cells seemed to peak at the 2nd week for
cells cultured with growth factors and the 3rd week for
cells grown without factors, As can be observed in tables |
and 2, mature T cells (CD3+) were not generated in signif-
icant numbers in our culture system.

High percentages of CD56+ cells also appeared among
cells cultured with feeder layers of irradiated PBMC. As
shown by flow cyiometric analysis, up to 86% of cells at
the end of 3 weeks in these cultures with IL-2 were CD56+
(fig. 3). As an average, CD56+ cells also peaked at day 21.
CD56 was detected in only 0-2% of the feeder layer cells
irradiated and cultured alone, so we believe that the

o +GF
a +GF « IL-2

o ~GF
e -GF + IL-2

& 3
'l A

Proliferative index
3

-

LI T L v
7 14 21 28
Days in culture

[,]
I

Fig. 1. CD34+ cells were cultured in media alone or with IL-1-a.
SCF. and IL-3 (experiments 2 and 3) in a liquid culture system. After
week 1, IL-2 was added to half of the cultures, and cell numbers were
counted on days 7. 14. 21. Proliferative index was calculated as the
number of cells at the different time points divided by the number of
cells plated on day 0.

CD56+ cells seen in the marrow cultures containing feed-
er layers were generated from the CD34+ cells.

In cultures without exogenous factors or with feeder
layvers, we could detect small numbers of CD36+ cells at
weeks 2 and 3 in the absence of added IL-2. This is differ-
ent from the cultures to which the exogenous hemato-
poietic growth factors IL-1-a, IL-3, IL-6, GM-CSF and
SCF (but not IL-2) were added. This could be explained
by an inhibitory effect of one or more of the growth fac-
tors on NK cell development, which could be overcome
by the presence of [L-2, To test this hypothesis. we cul-
tured CD34+ cells with IL-1-a, IL-3 and SCF (experiment
4) or IL-1-¢, and SCF (experiment 5) for 1 week. We then
changed the culture medium to IMDM with FBS with or
without 100 U/ml of IL-2. CD56+ cells could not be
detected for the following 3 weeks in cultures without IL.2
in both experiments. In contrast, with IL-2. 6-43% of
CD56+ cells were detected after 2 and 3 weeks of culture.

Functional Activity of Cultured Cells

Cytotoxic activity of the cultured cells against the NK.-
sensitive cell line K562 was tested at days 14. 21 and 28.
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Fig. 2. Two-color flow cytometric analysis of thawed CD34+ cells
at initiation of culture. a The log intensity of green (x axis) versus red
(y axis) fluorescence of CD34+ cells labeled with irrelevant isotypic
antibodies conjugated with FITC and PE (negative control). b The
log intensity of green (x axis) versus red (y axis) fluorescence of the
same cells labeled with FITC-anti-CD34 and PE-anti-CD56 anti-

bodies.

Fig. 3. Flow cytometric analysis for expression of CD3¢ on
CD34+ cells analyzed on day O (a) or after X weeks of culture on a
feeder layer of PBMC. containing IL-2 during the last week (b). Both
show log intensity of red fluorescence (anti-CD36,/PE) (x axis) versus
number of cells expressing different fluorescence intensity (v axis).
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Table 1. Phenotypes of cells without

factors Day7 Dayl4 Day 21 Day 28
-IL2 +IL2 <12 +IL2 -2 +IL2

CD45

Experiment | ND 100 975 746 700 ND ND
2 99.2 943 983 896 99.5 96.6 978
3 88.3 827 948 97.8 987 8§18 ND

CD56

Experiment | 1.5 6.1 153 ND ND ND ND
2 3.6 23 242 46 835 34 551
3 1.00 2.1 5.1 4.8 12.3 0.5 ND

CD3

Experiment 1 0.1 23 4.2 ND ND ND ND
2 ND 5.0 1.5 04 0.8 0.2 0.9
3 3.00 45 26 2.5 26 21 ND

Values expressed as percentage of positive cells. ND = Not done.

Table 2. Phenotypes of cells with factors

Day 7 Day 14 Day 21 Day 28
-IL2  +IL2 -IL2  +IL2 -2 +IL2
CD45
Experiment 1* 99.4 932 994 ND ND ND ND
20 97.8 984 96.4 96.8 98.7 99.5  99.1
3 94.6 85.5 947 97.7 99.6 96.2  99.6
CD56
Experiment 1 0.5 0.3 20 ND ND \D ND
2 L3 0.3 15.1 0.9 8.0 3.8 29
3 3.2 02 2.0 0.5 1.9 20 0.2
CD3
Experiment | 0.2 3.2 0.0 ND ND \D ND
2 0.2 24 0.0 04 0.3 04 0.3
3 1.7 1.7 4.7 04 1.0 27 0.6

Values are percentages of positive cells.
2 Cultures contained IL-1-a. IL-3, IL-6, GM-CSF and SCF.
b  Cultures contained IL-1-a, IL-3 and SCF.

The results are depicted in figure 4a-c which represent
the average for experiments 2 and 3 (where the cells were
cultured with IL-1-a, [L-3 and SCF). This shows that cyto-
toxic activity can only be detected among cells cultured in
the presence of IL-2. The functional activity of NK cells in

culture appeared to peak at “he end of 4 weeks of culture,
whereas CD56+ cells appeared 1-2 weeks earlier (tables 1
and 2). It should be noted that the cells cultured with or
without IL-2 were washed before the assays so that this
cytokine was not present during the assay.
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Fig. 4a—c. Cyvtrowovicity of CD34-derived NK cells. as measured
against the K562 c2ll line. on days 14, 21 and 28. The percentage of
specific lvsis was czlzulated as described in Materials and Methods.
All experiments wer2 done in triplicate and this represents the aver-
age of 2 separate experiments.

Discussion

We studied the origin of NK cells from CD34 positive
bone marrow cells. It is well established that human bone
marrow contains hematopoietic progenitor cells capable
of self-renewal and differentiation into multiple lineages
[26, 27). Recently it has been shown that bone marrow
cells bearing the CD34 surface antigen and lacking other
lineage-associated markers (CD33, CD15, CD71. CD10,
CD5 or CD7) possess these properties and are likely to be
verv early progenitors able to generate myeloid-. ery-
throid- and megakarvocyiic-committed precursors {26-
31]. In vitro proliferation and differentiation of these
hematopoietic progenitors require interactions with cvto-
kines, which can be provided by either bone marrow stro-
ma [28, 29] or in solution. Some of the factors known to
act on these early progenitors include [L-1 [32. 33]. [L-3
[34-36]. IL-6 {36] and SCF.

We have established that NK cells. like cells from other
hematopoietic lineages. can be generated in vitro from
CD34+ purified bone marrow cells. The enriched CD34+
population we used had no cytotoxic activity and was
essentiallv devoid of mature T (CD3+) and NK (CD56+)
cells prior to culture: 1.2% of T (CD3+) and 0.2% of NK
(CD56+) cells were seen. We realize that this small num-
ber of mature NK cells might have expanded during cul-
ture; however, this consideration also applies to the clini-
cal setting where patients are transplanted with bone mar-
row progenitor populations with comparable degrees of
purity. The appearance of NK cells after 3 weeks of cul-
ture is not likely to be exclusively due to an expansion of
mature cells, as has been in other systems [37]). When we
diluted human peripheral blood in order 1o obtain less
than 1% of CD356+ cells and cultured it with IL-1. SCF
and IL-3 for periods ot 2-4 weeks. we could not obitain
NK cell development even after I1L-2 stimulation for 1
week: a maximum of 3% of CD56+ cells were seen in
these conditions. Recently. we have been able 10 generate
NK cells from bone marrow treated ‘in vitro’ with 4-
hydroperoxycyclophosphamide. which destroyvs all but
the more primitive progenitors [38]. and cultured in the
presence of human AB serum, irradiated bone marrow
stroma and IL-2 {unpubl. data]. This also indicates that
NK cells can arise ‘in vitro’ from immature bone marrow
progenitors and points to the essential role of IL-2 in this
generation.

In our culture svstem. those cells proliferated only in
the presence of hemopoietins added to the culture me-
dium. but the factors were not necessary for the phenotyp-
ic expression of NK cell markers. We were unable to
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determine if anyv of the cytokines used in these studies
were essential for a preferential development of NK cells
from CD34+ cells.

Although there was some variation in the different
experiments. the appearance of NK cells was evident in
all culture conditions used (with and without growth fac-
tors and/or a feeder laver of irradiated PBMN cells) and
occurred between the 2nd and 3rd week of culture. In the
experiments mazintained for 4 weeks, the numbers of
CDS56+ cells decreased towards the end of the culture
period, except in those containing a feeder layer. In some
of the experiments. we could detect the appearance of NK
cells as early as the end of the 2nd week of culture.

In the presence of growth factors we usually found low-
er percentages of CD36+ cells than in cultures without
cytokines or with feeder layers (see tables | and 2): this
can be explained by a dilutional effect (the cells were able
to differentiate into other lineages) or by an inhibitory
effect of one or the cyvtokines on NK cell development.
When IL-6 and GM-CSF were omitted from the culture
medium (experiments 2 and 3), we continued to detect
CD56+ cells in the cultures with other hemopoietins and
rIL-2. An inhibizory effect of IL-3 on early human NK cell
development hzs already been postulated [33, 39]; how-
ever, we detecied no difference in CD56+ numbers in one
experiment when we removed IL-3 from the culture con-
ditions.

Feeder lavers of irradiated cells are a known require-
ment for the cloning and development of T cells. T cells
can also produce 1L-2. which is an important factor for
NK cell proliferztion and activation [4v, 41]. In our cul-
ture systems. we could not obtain significant mature T cell
development. zs evaluated by the appearance of CD3+
cells. Although r.o known stimulus for T cell development
{such as thymic epithelium or cytokines like IL-7) were
present, the lack of emergence of T cells allows us to hy-
pothesize, in ag-2ement with other investigators [20. 42].
that NK and T :ells have different developmental path-
ways. This does not exclude the possibility of a common
progenitor givinz rise to one or the other lineage depend-
ing on the microznvironment and cytokines present.

We could oni- evaluate functional activity of cells cul-
tured with grow=h factors (with or without feeder laver)
after at least 2 « 2eks of culture. We detected significant
cytolytic activii> (up 10 50%) against the K562 cell line in
cells exposed o IL-2 for 1 week, but not in cells grown
without IL-2. T s was an expected result since NK activi-
ty is known 1o t = enhanced by previous exposure to IL-2
[40].

The sequential appearance of NK cell phenotype, IL-2
responsiveness and functional activity has been postu-
lated by Pollack et al. [19] in animal models. Our present
results do not allow us to establish such a sequence in
humans, since we detected NK cell phenotype and Ivtic
activity at the same time point (2 weeks of culture) in cells
cultured with IL-2. However, it should be noted that no
markers are available for human NK cell precursors.
Functional activity of NK cells seems to be optimum at
the end of the 4th week of culture in our experiments,
although the highest numbers of CD56 cells were seen at
the 2nd and 3rd weeks. Thus the CD56+ cells seen in the
early cultures may have been functionally immature.

IL-2 seems to be essential for the full development of
human NK cells from their precursors, as it is for mature
NK cell activation and proliferation {40. 41). We could
only obtain high numbers of CD56+ cells (over 25%) and
cytotoxic activity in cultures containing IL-2 for [ week.
Higher concentrations (1,000 U/ml) or rlL-2 appear to
have similar effects [25]. It should also be noted that the
short, l-week treatment of cultures with IL-2 argues
against the expansion of a small population of mature
CD56+ cells present from the beginning of the culture.

Our results are in contrast with recently published data
by Shibuya et al. [43) who characterized NK cell progeni-
tors as being CD34-CD33-CD25+. Different methodolo-
gies used to isolate bone marrow progenitors (depletion of
monocvtes and mature T and NK cells from bone marrow
mononuclear cells as opposed to positive selection using
immunomagnetic beads) and the fact that these authors
only identified NK progenitors after a 24-hour culture
with IL-2 may be responsible for these differences. In fact.
the presence of IL-2 for 24 h could have induced the loss
of markers like CD34 and CD33 while these immature
cells were being committed to the NK lineage. The pro-
genitors we used were also CD25+ in a large percentage.
Thev were maintained in cultures in the absence of IL-2
for at least 1 week, and it is possible that during this time
they lost the most primitive markers (CD34 and CD33).

In summary, we have been able to demonstrate that
functional NK cells, bearing the CD56 surface antigen.
can be generated in vitro from CD34+ bone marrow pro-
genitors and that they need IL-2 for their full expression.
These conditions did not provide for a significant devel-
opment of mature T cells. Recently, Savary and Lotzova
[(44] and Miller et al. [45] were able to generate CD36+
cells with cytotoxic activity from CD34+ enriched bone
marrow cells, using stroma cells as feeders. The culture
system described here differs from those in that NK cells
appear aiso in cultures supplemented with exogenous




growth factors and without stromata; the presence of a
stromal layer does not appear 10 be essential. A shon-term
exposure to IL-2 (1 week, as opposed to the S-week expo-
sure in Miller’s culture system [45]) seems to be sufficient
to stimulate NK generation. Our studies indicate that, if
NK cell immunotherapy is used in the setting of trans-
plantation with early hemopoietic progenitors, a lag time

may be needed tor the full expression of immunocompe-
tent cells, and IL-2 and other cytokines are essential for
full expression of NK cell activity.

Acknowledgements

The authors wish to thank Donna Shaft for her expert technical
assistance. These studies were supported in part by a grant from the
Reno Cancer Foundation. J.L.A. is supported in pant by an NIH
grant DK42026. M.R.G.S. is the recipient of a scholarship from the
Gulbenkian Foundation (Lisbon, Portugal). We thank Dr. Peter
LoMedico for the gift of IL-1-a.

e E s et 000000ttt trttrrnlirtatets tceaetteartonettrerstserrotsetrneetenereeeetessrstesaoteenetscsttedeceaelteactnerdnesstorsceccsionsncsasassotuase

19

References

Saksela E. Timoaen T. Ranki A, Havry P: Mor-
phological and functional characterization of
isolated effector cells responsible for human
natural killer activity to fetal fibroblasts and to
cultured cell line target. Immunol Rev 1977:44:
71.

Herberman RB. Dieu JY. Kay HD, Onaldo
JR, Riccardi C. Boanard GD, Holden H. Fag-
mani R, Santeri A, Pucetti P: Natural killer
cells: Character:stics and regulation of activity.
Immunol Rev 1979:44:43.

Kay NE: Natwural killer cells. CRC Crit Rev
Clin Lab Sci 1986:22:345.

Lanier LL. Le AM. Phillips JH, Wamer NL.
Babcock GF: Subpopulation of human natural
killer cells defined by expression of the Leu-7
and Leu-1l aatigens. J Immunol 1983:131:
1789.

Lanier LL. Le AM. Civiniloken MR, Phillips
JH: The relatiozship of CDI16 (Leu-11) and
Leu-19 (NKH- ) zangen expression of human
peripheral blood zatural killer cells and cyto-
toxic T Ivmphoacites. J Immunol 1986:136:
4480.

Ritz J. Schmid: RE. Michon J. Hercend T.
Schlossman SF: Characterization of functional
surface structures on human naturat killer cells.
Adv Immunol 1988:32:181.

Gorelik E. Herberman RB: Role of natural kill-
er cells in the costzol of tumor growth and met-
astatic spread: .= Herberman RB (ed): Cancer
Immunology: Izz<vative Approachesto Thera-
py. New York. Mzuimus Nijhoff, 1986, p 51.
Felsher DW. Ra:m SH. Braum J: A murine
model for B~el .»mphomagenesis in immuno-
compromised hosis: Natural killer cells are an
important cormposent of host resistance to pre-
malignant B cell liaes. Cancer Res 1990:50:
7050.

Weish RM: Na:urz] k:ller cell mediated immu-
nity during v:rz :=fection. Curr Top Microbiol
Immunol 1981:52:33.

Lotzova E. McCredie KB. Muesse C. Dicke
KA, Freireich E: Natural killer cells in man:
Their possitle :5volvement in leukemia and in
bone marrow tczasplantation; in Baum §J,
Ledney GD teds: Experimental Hematology
Today. New Yori. Springer. 1979, p 107.

17

13

19

Cuturi MC. Anegon I. Sherman F. Loudon R.
Clark SC. Perussia B. Trinchieri G: Production
of hemopoietic colony stimulating factors by
human natural killer cells. J Exp Med 1989;
169:569.

Nagler A. Greenberg PL: Bone marrow cell
modulation and inhibition of myelopoiesis by
large granular lvmphocytes and natural killer
cells. Int J Cell Cloning 1990:3:171.

Haller O. Kiessling R. Orn A. Wigzell H: Gen-
eration of natural killer cells: An autonomous
function of the bone marrow. J Exp Med 1977;
1451311

Koo GC. Peppard JR. Latime EC: Character-
ization of cyvtotoxic cells generated from bone
marrow culture. Cell Immunol 1986:98:172.
Lotzova E. Savary C: Generation of NK cet
activity from human bone marrow. J Immunol
1987:139:279.

Van den Brink MR. Boggs SS. Herberman RB.
Hiserodt JC: The generation of natural killer
celts from NK precursor cells in rat long term
bone marrow cultures. J Exp Med 1990:172:
303.

Van den Brink MR. Herberman RB. Hiserodt
JC: Generation of natural killer cells from Thy
1.1+ bone marrow precursor cells in the rat.
Blood 1991,78:2392,

Rahal MD. Koo GC. Osmond DG: Population
dvnamics of *Null' and Thylo lvmphocytes in
mouse bone marrow: Genesis of cells with nat-
ural killer cell tineage characteristics. Cell Im-
munol 1991:134:111.

Pollack SB. Tsuji J. Rosse C: Production and
differentiation of NK lineage cells in long term
bone marrow cultures in the absence of exoge-
nous growth factors. Cell Immunol 1992:139:
352,

Kalland T: Interleukin 3 is a2 major negative
regulator of the generation of natural killer cells
from bone marrow precursors. J Immunol
1986:137:2268.

21 Shpall EJ. Jones RB. Franklin W. Cunel T.
Varman SJ. Stemmer S. Hami L. Petsche D.
Tafts S. Heinfeld S. Hallagan J. Berenson RJ:
CD34 positive (+) marrow and/or peripheral
blood progenitor cells (PBPCs) provide effec-
tive hematopoietic reconstitution of breast can-
cer patients following high-dose chemotherapy
with autologous hematopoietic progenitor cell
support (abstract). Blood 1992:80(suppl! 1):24.

32 Kessler SW. Vembu D. Black AT: Laree scale
purification and characterization of CD34-pos-
itive hematopoietic progenitor cells {abstract).
Blood 1987.70:321.

23 Kessler SW. Black AT: Clinical-scale CD34+
cell immunomagnetic selection {rom bone mat-
row with absolute tumor ‘reverse purging’ ca-
pability (absiract). Blood 1992:30tsuppl 1)
232.

24 Stanley SK. Kessler SW. Justement JS.
Schmittman SM. Greenhouse §J. Brown CC.
Musongela L. Musey K. Kapita B. Fanc: AS:
CD34+ bone marrow cells are infected with
HIV in a subset of seropositive individuals. J
Immunol 1992:149:689.

25 Cardoso AA. Fallon M. Mukherji B. Silva
MRG. Marusic M. Gaffnev J. Ascensac JL:
Effect of pharmacological purging on natral
kitler cell number and activity in human bone
marrow. Clin Immunol Immunopathol 1992:
64:106.

26 Leary AG. Ogawa M. Strauss LC. Cnvia CI:
Single cell origin of multi-lineage colonies m
culture. J Clin Invest 1983:73:2193.

27 Rowley SD. Sharkis SJ. Hauenburg C. S¢asen-
brenner LL: Culture from human bone marrow
of blast progenitor cells with an extensive pro-
liferative capacity. Blood 1987:69:804.

28 Brandt JE. Srour EF. VanBesien K. Briddell
RA. Hoffman R: Cyiokine dependent long
term cuiture of highly enriched precursers of
hematopoietic progenitor cells from human
bone marrow_J Clin Invest 1990:86:932.

29 Srour EF. Brandt JE. Briddell RA. Leemhu;s T.
VanBesien K. Hoffrnan R: Human CD34d+
HLA-DR- bone marrow cells contain progeni-
tor cells capable of self-renewal. multi-hneage
differentiation and long term in vitro hemato-
poiesis. Blood Cells 1991:17:287.

Silva/Kessler/Ascensao

Generation of NK Cells




30 Tersappen LWMM. Huang S, Safford M,
Lansdorp PM, Loken MR: Sequential genera-
tions of hematopoietic colonies derived from
single nonlineage committed CD34+CD38-
progenitors cells. Blood 1991:77:1218.

Civin CI, Banquerigo ML. Strauss LC, Loken

MR: Antigenic analvsis of hematopoiesis, 6.

Flow cytometric characterization of My-10-

positive progenitor cells ia normal human bone

marrow. Exp Hematol 1987;15:10.

32 Williams DE. Broxmever HE: Interieukin 1
alpha enhances the vitre sunvival of purified
murine granulocyie-macrophage progenitor
cells in the absence of colony stimulating fac-
tors. Blood 1987;72:160%.

33 Mochizuki DY, Eisearz2n JR. Conlon PJ.
Larsen AD, and Tushinsiki RJ: Interleukin {
regulates hematopoietic activity: a role pre-
viously ascribed to hemopoietin 1. Proc Natl
Acad Sci USA 1987:82:3237.

34 Sealand S. Caux C. Favre C. Aubry LP. Man-
noni P. Pebusque ML. Geatilhomme O, Otsu-
kaT.Yokota T, Arai N. Arai K. Banche RauL.
de Vries LE: Effects of recombinant human
interleukin 3 in CD34- enriched normal hema-
topoietic progenitor cells and on myeloblastic
leukemia cells. Blood 1988:72:1580.

3

-

35 Sonoda Y, Yang YC, Wong GG, Clark SC.
Ogawa M: Analysis in serum-free culture of the
targets of recombinant human hemopoietic
growth factors: Interleukin 3 and granulocyte-
macrophage colony stimulating factor are spe-
cific for earfv development stages. Proc Natl
Acad Sci USA 1988:85:4360.

36 Bernstein ID, Andrews RG, Zsebo KM: Re-
combinant human stem cell factor enhances
the formation of colonies by CD34+ and
CD34+lin- cells, and the generation of colony-
forming cell progeny from CD34+lin- cells cul-
tured with interleukin 3, granulocyte colony
stimulating factor. or granulocyte-macrophage
colony stimulating factor. Blood 199177
2316.

37 Nagler A. Lanier LL, Philtips JH: Constitute
expression of high affinity IL-2 receptors on
human CD16- natural kilier cells in vivo. J Exp
Med 1990:171:1509.

38 Moore MAS: Clinical implication of positive
and negative hematopoietic stem cell regula-
tors. Blood 1991:78:1.

41

43

45

Kaliand T: Physiology of natural killer cells. Ip
vivo regulation of progenitors by interleukin 3.
J Immunol 1987;139:3671.

Domzig W, Stadler BM, Herberman RB: Inter.
leukin 2 dependence of human natural killer
cell (NK) activity. J Immunol 1983:130:197¢.
Trinchieri G, Kobavashi MM. Clarck SC.
Sechra J, London J. Perussia B: Response of
resting human penpheral blood natural killer
cells to interfeukin 2. J Exp Med 1984:160:
1147,

2 Lanier LL, Spits H. Phillips JH: The develop-

ment relationship between NK cells and T-
cells. Immunol Today 1992:13:392-395
Shibuya A, Kojima H. Shibuva K Nagavoshi
K. Nagasawa T. Nakauchi H: Enrichment of
interfeukin-2-respoasive aatural killer progeni-
tors in human bone marrow. Blood 1993:81:
1819,

Savary CA, Lotzova E: Generation of human
natural killer (NK) cells from highly enriched
CD34+ bone marrow progenitors (abstract
6460). FASEB J 1992:6:2051.

Miller J. Verfaillic C. McGlave P: The genera-
tion of human natural killer cells from CD34+/
DR~ primitive progenitors in long-term bone
marrow cuiture. Blood 1992:80:218>.

L1

| sogession Yor —
WIIS  GRA&T &
DTIC TAY (]
Unannecaneed a |

Just oot Ot

By !
| 91‘??4‘!9?1,03’.4...,;%
Avallgb_u_i_t'.z »_ﬂqga_s ;
T lavail apd/or i
piat | Specislt

w2

Pt




